The transmission infrared absorption spectra of an aqueous lactic acid solution was measured over a pH range of 2.66 -1.59 using a cell with an optical path length of 12 μm. Absorption peaks were then identified by density functional theory (DFT) calculations. The observed pH-dependent changes in the absorbance spectra were consistent with the properties of the assigned functional groups. We therefore believe that the present method can be applied to the contactless and non-invasive quantitative evaluation of pH values in aqueous systems, such as bioprocesses and bioimaging.
Introduction
Lactic acid is a well-known biologically active compound, and is a metabolic product of both anaerobic glycolysis and lactic fermentation. As such, a number of methods for the quantitative evaluation of this acid have been developed to date, including a commercially available assay kit with a typical detection range of 0.05 -1 mM, 1 liquid chromatographic methods (detection range = 0.5 -10 mM), 2, 3 and voltammetric methods (detection range = 11.9 -188 mM 2 or 0.56 -3.3 mM). 3 Although these methods are sensitive and reliable, they are generally not suitable for in situ measurements, as deterioration of the specimen takes place during preprocessing, or direct contact of the probe with the specimen is required. However, a contactless and non-invasive pH detection method based on 31 P nuclear magnetic resonance (NMR) 4 was reported over a pH range of 3 -10, although this method cannot be easily applied to microscopic in situ observations.
In contrast, spectroscopic methods are indeed suitable for the evaluation of microscopic local chemical reactions in solution. For example, infrared (IR) and Raman spectroscopy provide information regarding the molecular structure and the normal modes. Indeed, Schenk et al. 5 evaluated pH values within a range of 2.8 -11.9 in a mixture of acetic acid (100 mM) and its conjugate base using attenuated total reflection (ATR) IR spectroscopy for monitoring of bioprocesses. However, in biological applications, the floating living cells in aqueous solution do not always make contact with the optical prism in the ATR method and it is difficult to quantitatively evaluate intracellular information.
Thus, to make a quantitative evaluation of living cells drifting in aqueous solution, we herein report the use of transmission IR spectroscopy, which has high efficiency for light utilization, despite IR light being rapidly attenuated in the presence of water. To avoid such strong attenuation, a flow-through optical cell with a short optical length will be employed for examination of a dilute aqueous lactic acid solution. Subsequently, changes in the transmission IR spectra of the lactic acid solutions will be systematically examined over a pH range of 2.66 -11.59. Figure 1 shows a schematic representation of the optical cell employed for the transmission IR spectroscopy experiments. Two diamond windows exhibiting a wide spectral window and a relatively high transmittance were used in the optical cell, which was sealed by PTFE-PFA (polytetrafluoroethylene-perfluoroalkoxy alkane) copolymer gaskets. The thickness of the liquid Fig. 1 Schematic representation of the optical cell used for transmission IR spectroscopy. The solution specimen is supplied by an HPLC pump. The intensity of the transmitted IR ray is measured by means of the HgCdTe detector. specimens i.e., the interstice between the diamond windows, was set using a 12-μm-thick PET (polyethylene terephthalate) spacer. The degassed liquid specimen was supplied using a high-performance liquid chromatography (HPLC) pump. The temperature of the specimen was maintained at 293 ± 0.5 K.
Experimental
A Fourier transform IR spectrometer (FT/IR-6200FV, JASCO Inc.) equipped with an infrared microscope system (IRT-5000, JASCO Inc.) was employed for all measurements. In addition, a ceramic IR radiation source, a KBr/Ge beam splitter, and a liquid nitrogen-cooled HgCdTe (MCT) detector were installed. An observable area of 100 × 100 μm 2 was adopted to achieve a high S/N ratio. Absorbance spectra were obtained through the integration of 512 measurements between 900 -2000 cm -1 at a resolution of 2 cm -1 to observe fine spectral changes such as peak shift and FWHM. In general, improving spectral resolution is incompatible with high S/N ratio. However, our measurement system achieved a high S/N ratio (noise level is suppressed less than ±0.0002 Abs. in the range of 900 -2000 cm -1 ) using the relatively wide measurement area (100 × 100 μm 2 ). Background spectra were obtained using ultrapure water (18.2 MΩ·cm, prepared from an in-house EASYPure TM RODI system, Barnstead International, Inc.). The optical path was evacuated using a turbo molecular pump to avoid noise from water vapor and from CO2 gas. A stock solution of lactic acid (50 mM, 50 mL) was prepared by mixing DL-lactic acid (92 wt% purity, Wako Pure Chemical Industries, Ltd.) with ultrapure water, and the solution pH was varied by titration of a 1 M aqueous NaOH solution. The pH values of these solutions were measured using a pH meter (S47-K SevenMulti TM , Mettler Toledo LLC). To assign the IR absorption peaks for the samples, first principles calculations were performed. The initial molecular structure of lactic acid and of its conjugate base (i.e., the lactate ion) were built using the Winmostar Ver. 4.022 software program. 6 The most stable atomic geometry was optimized using the B3LYP method 7 in Gaussian 09 with the 6-31G* basis set. 8 Following optimization, the valence force fields and the harmonic frequencies in Cartesian coordinates were calculated using the same functional and basis sets. The calculated results were visualized using Gaussview Ver. 5.08.
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Results and Discussion
The pH titration curve of the aqueous lactic acid solution is shown in Fig. 2 , where the neutralization point is estimated at pH 7.75. To understand the behavior of IR spectral changes and their origin, the observed pH range was separated into three regions, namely region I (pH <5: before the equivalence point), region II (pH 5 -10: around the equivalence point), and region III (pH >10: past the equivalence point), as indicated in Fig. 2 . More specifically, region I constitutes a weakly acidic buffer region, region II represents the region of the largest increase in pH, and region III is an asymptotic region where the pH increases until it reaches that of the NaOH titration solution. Figure 3 ] was obtained directly from the measured pH value, while the other concentrations were calculated using the pKa value of 3.86. 10 In addition, [OH -] was calculated using the negative logarithm (base 10) of the ionization constant of water (i.e., pKw = 14.1669) at 293 K. 11 As shown in Fig. 3 Figure 4 shows the variation in the observed IR absorbance spectra of the aqueous lactic acid solution upon increasing the solution pH from 2.44 to 11.59. In total, 12 absorption peaks were clearly recognizable, and these will be referred to as peaks 1 -12 for the remainder of the discussion. In addition to these signals, a weak signal corresponding to water (indicated by "w" in Fig. 4) was also observed at ~1650 cm -1 . The assignment of these 12 peaks is provided in Table 1 , where the observed peak positions and their relative heights of absorbance (RHA) in the three pH regions are shown. Calculated wavenumbers of respective normal mode are multiplied by scaling factor 0.960, which were referred from Standard Reference Database of NIST. 12 According to the study by Cassanas et al., 13 the spectra obtained at pH 2.44 and 11.59 correspond to those of lactic acid and the lactate ion, respectively. For comparison, their results and assignments are also provided in Table 1 , and it is clear that the peak positions observed herein were within 10 cm -1 of the reference values. More specifically, the underlined vibrational modes were consistent with the assignment of Cassanas et al. Furthermore, according to the literature, the majority of absorption peaks can be assigned to the vibrational mode due to the presence of single bonds or the single radicals. However, our calculated results reveal a more complex scenario, as the majority of absorption peaks are also included of synchronized other vibrational modes, as indicated by the "minor columns" in Table 1 .
To consider the systematic changes in the IR absorbance spectra shown in Fig. 3 , the peak position, strength, and width 
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According to the present calculation, an absorbance peak is composed of a few vibrational modes. The order of assignments connected by the "," symbol relates to the decreasing order of magnitude of the displacement vector. The assignment modes underlined are consistent with literature results. 13 RHA, Relative height of absorbance peak; RIA, relative intensity of absorbance peak; ν, stretching vibration; δ, bending vibration (in plane); γ, bending vibration (out of plane); as, asymmetric; s, symmetric; ac, acid group; al, alkyl group; HB, intermolecular hydrogen bond. *: Differences are observed upon the displacement of H atoms and their phase of vibration in the CH3 group, detailed descriptions are provided in Supporting Information.
of the 12 signals were extracted as shown in Figs. 5 -7. As peaks 1, 2, 10, 11, and 12 were well isolated, the absorbance spectra could be fitted using Gaussian curve-fitting, the peak strength could be estimated based on the integrated intensity, and the full width at half maximum (FWHM) could also be obtained. In contrast, a significant degree of overlap was present for peaks 3 -9, and so the absorbance strength was estimated based on the peak height.
As shown in Figs. 5(a) -5(c), upon increasing [Na + ], i.e., pH, significant changes were observed for peaks 1 and 2, with the integrated intensity of peak 1 (I1) decreasing linearly in region I. This is consistent with the decrease in [lactic acid] shown in Fig. 3 . However, although [lactic acid] is extremely low in region II and drops to zero in region III, a degree of I1 remains in both of these regions, until approaching the end of region III (Fig. 5(a) ). As shown in Table 1 In contrast, upon increasing [Na + ], the integrated intensity of peak 2 (I2) increased steadily in region I prior to a sharp increase in region II, and saturation by the end of region III (Fig. 5(a) ). Comparing this with the general trend for [lactate ion] as shown in Fig. 3 (increase in region I, saturation in region II, and a slight decrease in region III), it appears that the formation of sodium lactate significantly influenced the change of I2 shown in Fig. 5(a) . This appeared to confirm the interaction of the lactate and sodium ions in solution. If no such interaction takes place between lactic acid (or lactate) and the solvent, the integrated intensity of the absorbance peak would depend only on the density of the oscillator, while the peak position and its FWHM would remain unchanged. However, this appears not to Fig. 6(a) ), which is consistent with an increase in [lactate ion]. Indeed, the high absorbance (calculated RHA) of the lactate ion is indicated in Table 1 . In addition, the increase in the RHA of peak 3 was relatively small, as this signal corresponds to both lactic acid and the lactate ion (Table 1) . Furthermore, the decrease in the RHA values of peaks 8 and 9 corresponded to a decreased contribution from δ(O-H)ac. In contrast, as shown in Fig. 7(a) , the decrease in the integrated intensity of peak 10 was caused by a decrease in [lactic acid], which contained the δ(O-H)ac and ν(C-O)ac vibrational components. However, a quantitative understanding of the variations in peak position and FWHM appear to be outside the scope of this study, and so will be investigated in the future.
Finally, with the exception of region II, the pH value could also be estimated using the observed absorbance intensities of peaks 1 and 2, as shown in Fig. 8 . This empirical curve may therefore be useful for in situ IR spectroscopic investigations in lactic acid-containing solutions and biological samples.
Conclusions
The pH dependence of the absorbance spectrum of an aqueous lactic acid solution was measured over a pH range of 2.66 -11.59 using transmission infrared (IR) spectroscopy with a high signal-to-noise (S/N) ratio equivalent to ATR method, which is generally applied to aqueous solution. Assignment of absorption peaks was achieved using first principles density functional theory (DFT) calculations. Following characterization of the various absorption signals, it was clear that upon increasing the pH through titration with a 1 M NaOH solution, absorption from the lactate ion increased, while the absorption from lactic acid decreased, due to the deprotonation of lactic acid to form its conjugate base (i.e., the lactate ion). In addition, the effect of pH (or Na + concentration) on peak position and peak full width at half maximum (FWHM) was also evaluated. The observed changes indicated the presence of non-negligible interactions between lactic acid (or the lactate ion) and the solvent. Moreover, the formation of sodium lactate was indicated at higher pH values. We could therefore conclude that the transmission IR spectroscopic method described herein is suitable for observing dilute aqueous solutions. As such, we believe that it can be applied to the contactless and non-invasive quantitative evaluation of pH values in aqueous systems, such as bioprocesses. Future studies will focus on the development of a quantitative understanding of the variation in peak position and FWHM upon altering the solution pH. 
